Background: Studies of the diagnostic accuracy of most laboratory tests for early-onset neonatal sepsis have yielded variable results. We investigated whether some of this variation might be attributable to differences in population baseline severity and risk status as well as to specific ante-and perinatal variables, independent of the presence of neonatal infection. Methods: The Score for Neonatal Acute Physiology (SNAP) was used to define illness severity, with SNAP Perinatal Extension (SNAP-PE) used to define the combined physiologic and perinatal mortality risk. A total of 134 ill newborns (19 with early-onset infection and 115 with no infection) were available for simultaneous analysis of the association of SNAP, SNAP-PE, and maternal and perinatal variables with C-reactive protein (CRP), interleukin-6 (IL-6), and procalcitonin (PCT) concentrations at birth and at 24 and 48 h of life. Results: Early-onset neonatal infection was associated with significant increases in CRP, IL-6, and PCT concentrations at all three time points, independent of illness severity. However, among babies without infection, higher SNAP and SNAP-PE scores were associated with higher IL-6 concentrations at birth. Certain maternal or perinatal variables altered IL-6 and PCT values in the infected as well as in the uninfected neonates. However, if different cutoff points were used at any of
same patient population which maternal and perinatal factors might confound the interpretation of all three laboratory aids, regardless of diagnosis of early-onset (Յ48 h of life) infection.
Materials and Methods
Our study population consisted of 219 consecutive critically ill inborns who were enrolled over a 6-month period (July to December 2001) in the delivery room of two major maternity hospitals (Saint Camillo and Policlinico Umberto I°, Rome, Italy). This subgroup was selected because all such infants are routinely admitted to the level III neonatal intensive care units (NICUs) of the same maternity hospitals. The attending neonatologists from the two participating NICUs performed all care from the delivery room or admission until discharge. We excluded from enrollment: (a) 15 preadmission deaths, including 9 delivery room deaths and 6 moribund infants for whom few tests and vital signs were obtained at the time of NICU admission; (b) 3 babies with inevitably lethal abnormalities; and (c) 16 babies whose cord blood was not sampled for all three study markers. The final population enrolled was 185 neonates, none of whom died during the 48-h study period.
Illness severity was measured using the Score for Neonatal Acute Physiology (SNAP) (3, 4 ) , which uses the worst recorded values of Ͼ24 routinely measured physiologic variables (mean blood pressure, heart rate, respiratory rate and temperature, blood gas data, blood chemistries and blood counts, urine output, presence of seizures, apnea, stool guaiac, base excess, Po 2 /fraction of inspired oxygen ratio, and oxygenation index) during the first 24 h of stay in the NICU. The degree of derangement from physiologic normal is given a weighted score of 0 points for no derangement, 1 point for a clearly abnormal result that merits careful monitoring, 3 points for a severe derangement that requires immediate intervention, and 5 points for an acute life-threatening value. SNAP is the weighted sum of derangements across all organ systems; its contribution to overall severity, therefore, is proportionate (5 ) . SNAP Perinatal Extension (SNAP-PE) supplements the SNAP with additional scoring for three potent perinatal mortality risks [i.e., birth weight, low Apgar score (Ͻ7 at 5 min), and small for gestational age (Ͻ5th percentile) status], all of which are independent of physiologic derangements (6 ) . Thus, SNAP-PE score represents the combined physiologic and perinatal mortality risk. Data for SNAP and SNAP-PE scores were collected prospectively by the attending neonatologists.
In addition to SNAP and SNAP-PE, ante-and intrapartum data were recorded for every newborn and included maternal age, race, parity, prenatal care, multiple pregnancy, preexistent or pregnancy-related diseases (hypertension, diabetes, preeclampsia), medications during pregnancy, drug abuse, prenatal steroid exposure, maternal group B streptococcus (GBS) colonization, duration and characteristics of rupture of amniotic membranes, clinical evidence of chorioamnionitis and antibiotic treatment, placental abnormalities, fetal presentation, abnormalities in intrapartum fetal heart monitoring, mode of delivery, duration of active labor, use of anesthesia, and birth asphyxia. Infants were considered asphyxiated at birth if immediately after birth they needed endotracheal positive-pressure ventilation and/or cardiopulmonary resuscitation.
Institutional Review Board approval in both hospitals is not required for studies involving blood sampling from symptomatic individuals, but informed consent to perform the investigation was obtained from the infants' parents or guardians. Over the study period, investigators implemented in both NICUs routine blood sampling for CRP as well as for IL-6 and PCT at 24 and 48 h of life. However, insufficient blood samples were obtained from 31 infants, leaving 154 NICU newborns potentially available for analysis.
At the time of initial evaluation, chest radiographs and blood samples from peripheral veins were obtained for every NICU patient for routine culture of aerobic and anaerobic bacteria, ureaplasmas, and Mycoplasma hominis. Cultures of cerebrospinal fluid and urine were performed when appropriate. In addition, tracheal samples from intubated patients were cultured for mycoplasmas and, when obtained within 8 h after birth, for aerobic bacteria (7 ) . Screening for IgM antibodies to Toxoplasma, rubella virus, cytomegalovirus, herpes simplex virus, and Treponema pallidum was done in the first few postnatal days if congenital infection seemed likely.
Designation of infection status had to be made retrospectively because all neonates were considered at risk for, or demonstrated clinical evidence of, infection. Those of us (G.P., A.P., and L.P., all nationally certified in Pediatrics and Neonatology) responsible for classifying the infants as septic vs nonseptic were blind to the CRP, IL-6, and PCT values. The risk factors for infection included maternal fever, prolonged rupture of membranes (PROM) for Ն18 h; maternal GBS colonization; uterine tenderness; foul smelling, cloudy amniotic fluid; preterm labor; and intrapartum antimicrobial administration. The 154 NICU neonates were classified as belonging to one of the following three groups: group 1, early-onset infection; group 2, no infection; and group 3, uncertain. Group 1 was composed of 19 (9 term and 10 preterm) infants, 11 of whom had a positive culture of one or more blood specimens drawn within the first 48 h of life in association with clinical signs of infection. Organisms isolated from blood cultures included GBS (n ϭ 7) or Escherichia coli (n ϭ 4). The remaining eight patients with negative body fluid cultures had definite, persistent clinical signs of sepsis prompting Ն5 days of antibiotic treatment (8 ) (9 ) . All eight infants with strong evidence of infection (or "clinical septicemia") were delivered of mothers who had received antibiotics before delivery because of clinical evidence of chorioamnionitis (n ϭ 4), vaginal cultures persistently positive for GBS (n ϭ 2), or preterm PROM (n ϭ 2). Five of the eight infants also had radiographic findings consistent with sepsis (including pulmonary infiltrates or pleural effusions).
Group 2 was composed of 115 symptomatic babies who had negative body fluid cultures, were apparently well within 24 -48 h, and had a benign clinical course until discharge. Infants belonging to this category received antibiotic treatment for 3 days or less.
Group 3 included 20 infants in whom systemic infection could be neither confirmed nor excluded. Fifteen had negative body fluid cultures and fewer than three categories of clinical signs, and 5 babies each had one blood culture yielding only typical skin or upper respiratory flora and either had no clinical signs of infection or recovered without specific therapy. Group 3 patients who were excluded from the study analysis had geometric mean CRP concentrations of 4. A total of 134 NICU newborns (of whom 19 had early-onset infection and 115 no infection) were available for investigating the associations of SNAP and SNAP-PE scores as well as maternal and perinatal factors with each study marker in the infected and uninfected neonate at birth and 24 and 48 h of life.
il-6, pct, and crp measurements Umbilical cord and postnatal serum samples for duplicate IL-6 (100 L) and PCT (40 L) determinations were stored in small aliquots at Ϫ70°C until analysis. IL-6 concentrations were measured by an enzyme-linked immunoassay with a detection limit Ͻ1 ng/L (Endogen) (10 ) . The within-run imprecision (CV; n ϭ 12) was 5.4% at 10.24 ng/L and 4.6% at 400 ng/L, whereas the day-to-day imprecision (15 determinations) was 3.2% at 10.24 ng/L and 2.7% at 400 ng/L. PCT was determined by the LUMItest PCT method (BRAHMS Diagnostica) as described in detail elsewhere (11, 12 ) . The lower limit of detection was 0.1 g/L and the within-run imprecision (CV; n ϭ 20) was 6.3% at 0.4 g/L and 2.7% at 43.2 g/L, whereas the day-to-day imprecision (40 determinations) was 13.4% at 0.5 g/L and 7.1% at 34.2 g/L. CRP was measured by rate nephelometry using a Beckman Array System protein analyzer (C-reactive protein reagent set 449760; Beckman Instruments) (10 ). The lower limit of detection was 4 mg/L, and the within-run imprecision (CV; n ϭ 20) was 3.7% at 17.8 mg/L and 1.1% at 79.4 mg/L, whereas the day-to-day imprecision (20 determinations) was 3.9% at 7.4 mg/L and 3.0% at 90.8 mg/L.
statistical analysis
The measured CRP and IL-6 values were distributed with a long tail to the right (positive skew), but their logarithms were approximately normally distributed. Thus, all comparisons of CRP, IL-6, and PCT values and all regression analyses were done after logarithmic transformation. Consequently, all quoted mean values are geometric means with 95% CIs, and regression coefficients have been exponentiated to obtain ratios of geometric means. The means of infected and uninfected neonates were compared by the t-test.
We used log-linear regression to investigate the association between disease severity and concentrations of the markers CRP, IL-6, and PCT. We first regressed the logarithm of the concentration on the SNAP score. We then repeated the regression with a dummy variable to indicate the presence or absence of infection and repeated it again to take into account the possibility that the relationship between the log of the concentration and the SNAP score was not linear. The SNAP score was categorized in three intervals (0 -9, 10 -19, and Ն20), and the regression was repeated using two dummy variables to represent SNAP category (SNAP score 0 -9 being the reference category) and an additional dummy variable to indicate the presence or absence of infection.
Each of the three markers was measured three times, at birth and at 24 and 48 h of life; thus, a total of nine associations were investigated. For every association, the regression analyses produced six regression coefficients (one for the first regression, two for the second, and three for the third regression); thus, this part of the analysis yielded 54 significance tests of regression coefficients. This analysis was repeated with the SNAP-PE score. Thus, 108 statistical significance tests were performed. If a significance (P value) of 0.05 were considered to indicate evidence of an association, 5% of the results would be expected to be statistically significant even when the null hypothesis was true. This problem could be partially resolved, for example, by applying the Bonferroni correction to the observed levels of significance, but in the present analysis, there were further complications because the tests were clearly not independent. For this reason, the correction was not applied, but this implies that a plausible explanation of an otherwise unexpected statistically significant result at the P ϭ 0.05 level could be just chance (13 ) . For this reason, only the results of tests significant at P Յ0.01 are highlighted in Tables 2-6 , although significance at P Յ0.05 can be deduced from the CIs.
The role of ante-and intrapartum variables [preexistent or pregnancy-related diseases (hypertension, diabetes, preeclampsia), medications during pregnancy, drug abuse, prenatal steroid exposure, maternal GBS colonization, duration and characteristics of rupture of amniotic membranes, clinical evidence of chorioamnionitis and antibiotic treatment, placental abnormalities, fetal presentation, abnormalities in intrapartum fetal heart monitoring, mode of delivery, duration of active labor, use of anesthesia, and the need for delivery room intubation and/or cardiopulmonary resuscitation] was investigated by calculating the multiple linear regressions of the logarithms of the concentrations of the markers CRP, IL-6, and PCT on the variables and the presence of infection. The exponentials of the regression coefficients are estimates of the independent multiplicative effects of the variables.
At each of the three neonatal ages, the sensitivity and specificity of CRP, IL-6, and PCT for the diagnosis of early-onset neonatal sepsis were calculated. The ROC curve was used to determine the optimal cutoff points that maximized the sum of the sensitivity and specificity of each test. This is equivalent to maximizing the Youden index (14 ) . The curves were obtained by plotting sensitivity on the y axis against the false-positive rate (1 Ϫ specificity) on the x axis for all possible cutoff values of the tests.
Results
The maternal and neonatal characteristics of the study population are presented in Table 1 . There were no significant differences between infected and uninfected infants with respect to gestational age [mean (SD), 33.6 (6.1) vs 33.8 (3. Given that the SNAP-PE score is calculated by adding perinatal factors to those that determine the SNAP score, the two scores were highly correlated; the Pearson coefficient of linear correlation was 0.945, which implied that the associations between the markers CRP, IL-6, and PCT and the SNAP-PE score were likely to be similar to those found for the SNAP score. The log CRP value was positively associated with both SNAP and SNAP-PE at each of the three time points. However, this association with SNAP and SNAP-PE disappeared when the presence of infection was included in the regression model. The presence of infection increased the log CRP values independently of the SNAP and SNAP-PE scores. When the analysis was confined to the babies without infection, we found no association between SNAP or SNAP-PE and the Table 2 imply that only the presence of infection affects the log CRP value. The relationship between log PCT and SNAP score was generally similar to that found for CRP (Table 3) . At all three times, the log PCT was significantly increased for babies with infection independent of the severity scores. However, PCT increased 12.5-to 36.7-fold during the course of infection (Table 3) , whereas CRP increased 3.5-to 8.0-fold ( Table 2 ). The log IL-6 value was associated with the presence of infection at birth and at 24 h, independent of the SNAP and SNAP-PE scores (Table 4) . Among the babies without infection, there was an association between log IL-6 and SNAP and SNAP-PE scores, particularly at birth, but this was not evident among infected babies. Shown in Table 5 are the factors by which the concentrations of the markers were multiplied in the presence of ante-and intrapartum complications. No variable was found to be independently associated with the log CRP value. PCT response was independently associated at birth with clinical amnionitis, at 24 h with delivery room intubation, and at both 24 and 48 h of age with preeclampsia. The only variable independently associated with IL-6 at time 0 was delivery room intubation. The increases associated with these variables were relatively small compared with those observed for the presence of infection, particularly in the case of PCT. The sensitivities and specificities of CRP, IL-6, and PCT in early-onset neonatal sepsis are shown in Table 6 . The cutoff value that maximized the sum of the sensitivity and specificity for CRP was Ն4 mg/L at birth, whereas at both 24 and 48 h of life, it was Ն10 mg/L. The cutoff values for IL-6 were Ն200, Ն30, and Ն20 ng/L at birth, at 24 h, and at 48 h of age, respectively. At birth, at 24 h, and at 48 h, the PCT cutoff values were Ն1, Ն100, and Ն50 g/L, respectively.
Discussion
The systemic inflammatory response (SIR) that follows tissue injury or infection orchestrates a wide variety of systemic and metabolic responses that, in most instances, serve to restore homeostasis. In critically ill newborns, the diagnostic repertoire for identifying infectious SIR is poor. The newborn infant responds to a wide variety of noxious stimuli (infectious, metabolic, respiratory, traumatic) with a limited repertoire of stereotyped reactions (15 ) . Many of the manifestations of sepsis have their counterparts in noninfectious neonatal disorders. In view of the relatively poor predictive value of clinical variables and SIR for microbial infection and mortality of such patients, we evaluated the value of inflammatory markers whose concentrations may correspond to infection status. The reliability of most laboratory markers, including CRP, IL-6, and PCT, for the differential diagnosis of infectious vs noninfectious SIR has been assessed in highly diverse groups of ill neonates with a mixture of diagnoses and conditions and has yielded variable results (1 ) . It may be that some of this variation among published reports might reflect differences in baseline severity and risk status as well as specific factors acting during gestation and delivery independently of the presence of infection. There is wide variation in clinical severity among NICUs. Admissions may range from critically ill infants with multiple organ-system failure to mildly ill term infants with transient problems related to the birth process or to healthy premature infants who require technologic support until mature. Moreover, comparability of risk scores among institutions may be diminished by variation in disease severity for a given diagnosis.
In the context of newborn intensive care, birth weight and gestational age have generally been used as simple proxies for more elaborate measures of illness severity. Although birth weight and gestational age may be adequate for some purposes, they do not completely account for variations in the severity of illness. The SNAP score, designed to permit objective quantification of clinical severity in NICUs, is a validated, objective physiologybased score that captures the fundamental construct of newborn admission illness severity (3 ). It is clinically intuitive: the higher the SNAP, the sicker the infant (2 ). It has been prospectively validated in multiple NICUs covering very different population groups and found be highly correlated with other indicators of illness severity (3, 16 -18 ) . The advantage of the SNAP score is that it is based on the physiologic status of the baby within a given time frame (usually the first 24 h of admission) so that variations in diagnosis (or therapy) have little impact on the score itself. From this, SNAP-PE captures SNAP (Tables 2 and 3) . Although it remains to be verified that PCT is synthesized in hepatocytes, our results may complement those of Nijsten et al. (19 ) , who found that PCT and acute-phase proteins such as CRP are induced by similar pathways.
It is known that IL-6 is an important mediator of host response to stress and infection (20 ) . Our results show that among babies without infection, the higher the SNAP and SNAP-PE scores, the greater the IL-6 response at birth. Therefore, the diagnostic value of IL-6 at birth may be altered by the physiologic severity and risk indexes. Our observations are similar to those made by deWerra et al. (21 ) in adult patients with septic or cardiogenic shock; the authors found that IL-6 concentrations were increased in both patient populations. In rodents, catecholamines and epinephrine in particular have been shown to increase IL-6 production (22, 23 ) .
Previous studies have sought to identify which preand perinatal complications would mimic or mask alterations in the CRP response caused by infection but have yielded conflicting results (1, 24 ) . Kushner et al. (25 ) found that maternal fever during labor or delivery, PROM, perinatal asphyxia, and other problems not resulting from infection are associated with increased CRP in umbilical cord blood. In a NICU population with wideranging differences in age, CRP was increased in those with a history of PROM, fetal distress, or chorioamnionitis (26 ) . Ainbender et al. (27 ) identified fetal distress, low 1-min Apgar score, gestational diabetes, maternal drug Although previous studies found that inflammatory cytokines, including IL-6, are released in uninfected infants with perinatal complications, the results obtained to date remain discordant (20, 29, 30 ) . Our results are consistent with those of Jokic et al. (30 ) , who showed that length of labor is associated with increased cord blood concentrations of cytokines, including IL-6, in uninfected full-term neonates. Our results are also consistent with those of Singh et al. (31 ) , who showed that IL-6 concentrations in cord blood increased with clinical chorioamnionitis despite a lack of evidence of infection in the neonates. However, in our study, there was no association between these variables and IL-6 response even after adjustment for the presence of infection. In contrast, birth asphyxia was the only variable that independently increased cord IL-6 concentrations. The data available on the role of IL-6 in the injury response to hypoxia ischemia or asphyxia are currently limited (32 ) .
Few studies have assessed whether maternal and perinatal complications may affect PCT values in the early postnatal period. In a previous study we demonstrated that maternal GBS colonization and rupture of membranes Ն18 h may significantly affect PCT concentrations at birth and at 24 and 48 h of life in a group of healthy neonates (12 ) . Thus it is not surprising that in the presence of clinical amnionitis, PCT concentrations at birth were significantly increased independent of the presence of infection. Our results are therefore partially consistent with those of Janota et al. (33 ) , who reported a significant increase in serum PCT concentrations within 72 h of age in preterm infected and uninfected newborns born to mothers with chorioamnionitis. As suggested by Gendrel and Bohuon (34 ) , hypoxemia may be responsible for increased PCT values in neonates. Similarly, we have found that birth asphyxia may affect PCT concentrations. Finally, a novel finding of our study is that neonates born to mothers with preeclampsia had higher PCT concentrations at both 24 and 48 h of life (Table 5) . Although certain variables altered PCT values in the infected as well as in the uninfected neonates, when different cutoff points were used at the three neonatal ages, PCT specificity for infection was greater than that for CRP or IL-6. Compared with the increases in PCT caused by ante-and perinatal events, the magnitude of PCT response to infection was much greater at each of the three neonatal ages.
The sensitivity of CRP in initial determinations for the detection of early-onset neonatal infection has been reported to vary from 35% to 65%, increasing to 74 -97% by the time of the third determination. CRP specificity varied in initial determination from 92% to 96% and decreased to 76 -86% for the third measurement (35) (36) (37) (38) . IL-6 in umbilical cord blood has been reported to be consistently increased in newborn infants who develop sepsis within 48 h of birth, with specificities ranging from 88% to 93% (39 ) . The sensitivity of PCT in initial determinations for the diagnosis of early-onset neonatal sepsis has been reported to vary from 61% to 85%, increasing to 72-100% within the subsequent 24 h. PCT specificity varied in initial determinations from 50% to 97% and ranged between 63% and 97% within the next 24 h (11, 40, 41 ) . Possible factors accounting for such wide ranges include different CRP (1.5-20 mg/L), IL-6 (25-150 ng/L), and PCT (0.5-5 g/L) cutoff points; different measurement methods; variations in study design or in definition of infection; and wide-ranging differences in postnatal age (hours to weeks) or inaccuracies in reporting it (1, 24, 39, 42 ) . In 1980, Philip and Hewitt (43 ) suggested that, for simplicity, the same laboratory cutoffs for markers used in the diagnosis of neonatal sepsis should be applied during the first postnatal week. Our present findings suggest that failure to recognize the appropriate cutoff concentration for each time point of evaluation over the first 48 h of life may confound interpretation of what constitutes a "true negative" and a "true positive" value in the diagnosis of early-onset neonatal infection. In our study, when we used different cutoff values at each of the three ages, the sensitivities and specificities of PCT were greater than those obtained for CRP or IL-6.
